We investigate the detailed phenomenology of a light Abelian hidden sector in the Randall-Sundrum framework. Relative to other works with light hidden sectors, the main new feature is a tower of hidden Kaluza-Klein vectors that kinetically mix with the Standard Model photon and Z. We investigate the decay properties of the hidden sector fields in some detail, and develop an approach for calculating processes initiated on the ultraviolet brane of a warped space with large injection momentum relative to the infrared scale. Using these results, we determine the detailed bounds on the light warped hidden sector from precision electroweak measurements and lowenergy experiments. We find viable regions of parameter space that lead to significant production rates for several of the hidden Kaluza-Klein vectors in meson factories and fixed-target experiments. This offers the possibility of exploring the structure of an extra spacetime dimension with lower-energy probes.
Introduction
An interesting possibility for new physics beyond the Standard Model (SM) is a light hidden sector, consisting of exotic particles with masses well below the electroweak scale and very weak couplings to the SM [1, 2, 3] . Even though such states could have been created in a number of previous and current experiments, their rate of production can be consistent with experimental bounds provided their couplings to the SM are sufficiently small. Light hidden sectors can give rise to new and unusual signatures, and their traces might already be present in existing experimental data sets or discoverable in planned upcoming searches [4, 5, 6, 7, 8] . It is therefore important to understand the signals of viable low-energy extensions of the SM to ensure that maximal use is made of both existing and forthcoming data sets.
New physics below the electroweak scale arises in a number of scenarios extending the SM, and has been proposed as a central component of several theories of dark matter [9, 10, 11] . The presence of a sub-electroweak scale introduces another separation of scales beyond the usual weak/Planck hierarchy and one expects the hidden sector to contain some suitable mechanism to ensure radiative stability. The standard solutions to the hierarchy problem can be considered in this context and the sub-electroweak scale of the hidden sector could arise from supersymmetry [10] , strong dynamics [12] , or a warped extra dimension [13, 14] . The details of the stabilization mechanism can significantly modify the resulting experimental signals since they can lead to very different particle spectra below the TeV scale.
In Ref. [14] we investigated a simple hidden sector with an Abelian U(1) x hidden gauge symmetry in an extended Randall-Sundrum model [15, 16] . Relative to many other realizations of light Abelian hidden sectors, the model predicted an entire Kaluza-Klein (KK) tower of light vector bosons. These modes can have important phenomenological consequences since several modes in the tower can couple significantly to the SM through gauge kinetic mixing. This feature could allow one to study the structure of the warped extra dimension in lower-energy experiments, such as meson factories or fixed-target experiments.
In order to focus specifically on the interesting low-energy physics, in the present work we study a slightly simpler theory than was presented in Ref. [14] . We consider a single warped bulk containing a U(1) x gauge theory with the SM confined to the ultraviolet (UV) brane. As before, we couple the SM and the hidden sector through a gauge kinetic mixing operator localized on the UV brane. With an infrared (IR) brane scale of order a GeV this setup reproduces the interesting low-energy phenomenology of Ref. [14] . Beyond the TeV scale one should consider the full structure of Ref. [14] or include some other mechanism to stabilize the electroweak scale, but these details are not important as far as the relevant low-energy phenomenology is concerned. Let us also point out that, via the AdS/CFT correspondence, this model can be considered as a dual description of a purely 4D theory containing fundamental SM fields coupled to a hidden conformal field theory (CFT) with a weakly gauged U(1) x subgroup and an order GeV mass gap [17] .
In the present work we perform a detailed investigation of the phenomenology of a simple light warped hidden sector with a characteristic mass scale of roughly 10 MeV to 10 GeV. This range is technically natural, but much smaller and much larger hidden mass scales are also possible (and natural). We concentrate on these particular values primarily because they are phenomenologically interesting. 1 In particular, we will show that a warped hidden sector in this mass range can be consistent with existing bounds from direct searches and astrophysics while also giving rise to potentially observable new signals in lower-energy collider experiments. It is these signals that we investigate in the present work.
The outline of this paper is as follows. In Section 2 we describe the model in more detail. Next we discuss the decays of hidden sector KK modes in Section 3. In Section 4 we address the important issue of reliably computing processes initiated by the SM on the UV brane with energies well above the hidden IR scale but well below the characteristic UV scale. Specifically we discuss the matching of the 4D KK effective theory to the full 5D bulk theory. We apply these results in Sections 5 and 6 where we compute, respectively, the precision electroweak constraints, and the bounds and discovery prospects at fixed-target experiments and meson factories. Section 7 is reserved for our summary and conclusions, and some technical details are collected in a pair of Appendices.
A Warped Hidden Sector
In this section we remind the reader of some pertinent features of the warped hidden sector model investigated in Ref. [14] and detail the simplified warped model considered in this work. The basic setup in Ref. [14] consists of the usual RS warped bulk space glued to a second "hidden" warped space at a common UV brane. The IR scale in the visible "throat" is near a TeV in order to solve the electroweak hierarchy problem, and the usual RS picture is assumed, with an IR localized SM Higgs, bulk SM fermions and bulk SU(3) c ×SU(2) L ×U(1) Y gauge bosons. 2 We take the IR scale in the hidden throat to be at or below a GeV. A sketch of the model is given in Fig. 1 .
The low-energy phenomenology of such a multithroat construction is quite rich. At energies near the GeV scale the minimal spectrum consists of the SM along with a tower of hidden gauge and gravity KK modes, whose spacing is on the order of a GeV or less. The SM couples to the hidden KK vectors primarily via a localized kinetic mixing operator connecting U(1) x and U(1) Y on the shared UV brane. The coupling of hidden KK gravitons to the SM is highly suppressed as the former are strongly localized towards the IR of the hidden throat [14] . Even so, the hidden gravitons still play a phenomenologically important role since their couplings to hidden-sector KK vectors are not suppressed.
As we are primarily interested in the low-energy phenomenology of this setup, it suffices to consider a simplified picture in which the SM is localized on the UV brane of a single hidden warped throat which contains a bulk U(1) x gauge symmetry and an IR scale near a Figure 1 : Geometry of a warped hidden sector. The figure on the left illustrates the twothroat model studied in Ref. [14] while the figure on the right shows the simplified construct we investigate in this work. At energies below the TeV scale the simplified setup with UV localized Standard Model fields provides a good approximation to the full two-throat model.
GeV (see Fig. 1 ). This picture captures all the important low-energy physics and we shall employ it in the present work. At energies above the TeV scale, the phenomenology of this setup differs from that of Ref. [14] and one should include the full two throat structure to accurately determine the high-energy phenomenology. This difference will not significantly modify the low-energy effects in which we are interested.
The metric in the 5D bulk space is given by [15] 
where z ∈ [k −1 , R] labels the extra dimension and µ, ν (M, N) are the 4D (5D) Lorentz indices. As per usual, the Planck mass is M 2 P l ≃ M 3 * /k, where M * is the 5D Planck scale. The spectrum of KK gravitons, which we denote as h a , can be found by perturbing around the background metric of Eq. (1). Their masses are [19] 
while the massless zero mode h 0 is the usual 4D graviton.
The UV-localized SM resides at z = k −1 along with the following gauge kinetic mixing operator [20] 
where g µν is the induced metric, B µν is the SM hypercharge field strength and X αβ is the U(1) x field strength. Symmetry breaking in the hidden sector can be induced by an explicit IR-localized Higgs (the "Higgsed" case) or by imposing a Dirichlet boundary condition on the IR brane (the "Higgsless" case) [21] . 3 We shall focus primarily on the Higgsless case in this work, but will mention the Higgsed case when there are important differences.
For convenience we remind the reader of some essential features of the KK spectrum in the Higgsless case. Details of the spectrum and kinetic mixing in the Higgsed case can be found in Ref. [14] . The KK masses m n for the hidden vectors can be approximated as
These expressions show that the kinetic mixing parameter ǫ n is mildly suppressed for the higher KK modes relative to the lowest mode, with ǫ n ≃ ǫ 0 /6 √ n for n > 0.
Of the five parameters we have introduced to describe the hidden sector, the gauge coupling will play no role in this work (in the absence of an IR Higgs). The 5D gravity scale can be fixed by the 4D Planck mass, leaving three free parameters, which we take as ǫ 0 , R and the ratio k/M * . As we will detail below, for energies E ≫ M * /kR, which can be relevant for hidden Z decays and colliders, the dependence on R drops out of inclusive processes and the dependence on k is very mild (logarithmic). Absent hierarchically small values of k/M * the phenomenology at such energies is therefore controlled by the single parameter ǫ 0 . At lower energies on the order of R −1 the theory is sensitive to all three free parameters, but provided k/M * is non-hierarchical the dependence is primarily on ǫ 0 and R.
The application of the AdS/CFT correspondence to RS models [17] permits a dual 4D description of the model we have outlined. In the dual picture there is a hidden CFT possessing certain global symmetries, a U(1) subgroup of which is weakly gauged. The corresponding gauge boson (γ ′ ) is a fundamental field, external to the CFT, as are the UV localized SM fields (see Ref. [22] for a discussion of the correspondence between KK modes and CFT modes). The conformality of the hidden sector is broken explicitly in the UV and spontaneously in the IR (corresponding respectively to the UV and IR branes in the 5D picture). The 4D model contains a gauge kinetic mixing term between γ ′ and SM hypercharge (∼ F ′ µν B µν ) and there is further kinetic mixing between γ ′ and the spin-one modes of the CFT (∼ F ′ µν ρ µν n ) [18] . The latter mixing is akin to the kinetic mixing of ρ with the photon in the SM, as electromagnetism is a weakly gauged global symmetry of the QCD sector. Note that there is no direct kinetic mixing term between hypercharge and the CFT modes ρ n , but one is induced by their common mixing with γ ′ . The SM therefore couples to the CFT modes by its weak coupling (for E ≪ k) to the fundamental field γ ′ .
Before proceeding we note that the hidden sector could also contain additional states with non-zero U(1) x charge, possibly including a UV-localized dark matter candidate as mentioned in [14] , or new matter fields in the bulk. New states on the UV brane will not significantly modify the low-energy phenomenology we discuss provided they are at or above the weak scale. Indeed, the (unspecified) dynamics on the UV brane that ensures the stability of the electroweak sector can also lead to new states in the electroweak mass range. Exotic hidden bulk matter will naturally be much lighter, with zero-mode and low-lying KK mode masses near the characteristic mass scale of the hidden IR brane. This could, for example, lead to a relatively light dark matter candidate with a mass of order MeV-GeV. Such new light states could significantly modify the low-energy phenomenology relative to the minimal model we consider here; if they are lighter (heavier) than the vector zero mode predominantly (partially) invisible final states can arise. We defer the study of this possibility to a future work.
We also note that previous works have considered warped models with sub-weak scales [23, 24] , and that much of the phenomenology we consider here would be similar if implemented on the truncated space of Ref. [24] . The gauge kinetic mixing we consider can also find its origin in string models [25] and our phenomenological analysis may be of interest in this regard.
Hidden Sector Decays
Kinetic mixing between U(1) x and hypercharge permits the creation of hidden KK vectors in experiments colliding SM fields together. The expected experimental signal once a hidden vector is produced depends on the decay properties of the vector. It is therefore important to understand these properties to determine whether the vectors decay predominantly into the hidden sector or to the SM, and to determine likely signals. In this section we consider the decay properties of the KK vectors in some detail. Related discussions in a different context can be found in Refs. [26, 27, 28] .
The decay of a hidden KK vector X n to SM fields requires a kinetic mixing insertion and the corresponding widths are suppressed by a factor of ǫ 2 n ≪ 1. For example, the decay width of the n-th KK mode to a pair of SM leptons ℓl is [29] 
for m n ≪ m Z , and similarly the width to hadrons is
where R(s) is the usual hadronic R parameter, R = σ(e + e − → hadrons)/σ(e + e − → µ + µ − ) [30, 31] . As the lowest data point in the hadronic cross section data set is at √ s = 0.36 GeV, well above the pion threshold, we follow [5] and use the cross section for e + e − → π + π − in the uncharted region above threshold [31, 32] . Observe that the total decay width to the SM is roughly independent of mode number, up to a growth in the number of kinematically accessible states, as the KK mass grows like m n ∼ n while ǫ 2 n goes like ∼ 1/n. These decays are relatively prompt on collider timescales (cτ < 1 mm) for R −1 ∼ GeV provided ǫ 0 10 −4 [7] .
Even in the absence of hidden sector matter, heavier KK vectors can still decay within the hidden sector via the creation of a KK graviton and a lighter vector mode, X n → h a X m . These decays are kinematically allowed for sets of KK numbers satisfying n > m + a in both the Higgsed and Higgsless cases, but decays with a = 0 vanish due to wavefunction orthogonality. Therefore all vector modes with n ≥ 2 can decay via graviton production. We present a computation of the decay width for X n → h a X m in Appendix A.1.
For a given KK level n, the partial width Γ(X n → h a X m ) can vary substantially as one varies the daughter KK numbers a and m. To demonstrate this we plot the branching ratio for the decay X n → h a X m against daughter KK number a in Fig. 2 for the mode n = 45. The Figure shows points with fixed values of m + a = (44, 43, 42, 41) . Decays with values of a + m < 41 are subdominant to those plotted. The plot reveals some important features. Firstly, one observes that decays with daughters h a and X m satisfying a+m ∼ n are dominant. For a fixed value of the graviton mode number a one can see that the branching ratio for decays with a + m = 44 is more than a hundred times larger than that with a + m = 42. This disparity increases as one decreases the sum a + m. Also note that for fixed values of a + m the decays into lighter KK gravitons dominate.
The tendency of KK vectors to decay into daughters satisfying n ∼ a + m demonstrates an approximate conservation of KK number present in RS models [26] . In the absence of warping, the momentum along the extra dimension would be conserved and KK decays would necessarily conserve KK number with n = a + m. Turning on the warping breaks the translational invariance along the extra dimension so that KK number is no longer conserved, however an approximate KK number conservation persists and is encoded in the wavefunction overlap factors ζ a,mn and ξ a,mn presented in Appendix A.1. As different KK modes are localized at different points along the extra dimension the overlap factors contain oscillatory integrands unless n ∼ a + m. This results in a suppression of ζ a,mn and ξ a,mn as one increases the separation between n and a + m, explaining the dominance of decays with n ∼ a + m. 
and we use R −1 = 1 GeV. The plot is for the Higgsed Case but similar behavior is found in the Higgsless case.
In Fig. 3 we show the total decay width of the n-th mode due to two-body decays to graviton and gauge modes for n ≤ 50. The plot is for the Higgsless case with k/M * = 0.1 and R −1 = 1 GeV. One observes that a simple parameterization of the total hidden two-body decay width is possible for n ≫ 1:
where the effective coupling constant g * (n) can be written as
with C ≃ 0.80 and p ≃ 3 for R −1 = 1 GeV. Numerically we find that varying R does not appear to change the power p but does induce a small change in the constant C. For example, varying R over an order of magnitude produces a shift in C of order a few to ten percent. It will also be helpful to have a parametrization for the hidden width of the lighter modes, n ∼ 1. Writing these as in Eq. (11) with C → C n we find
for the Higgsless case with R −1
1 GeV. The parameters C n vary slowly as one varies the length of the extra dimension R, but the above values provide a reasonable approximation for the energies of interest to us.
The parametrization for the hidden two-body decay width Γ n in Eq. (11) gives a good approximation to the total KK mode width when the KK description is perturbatively under control. However, the KK description breaks down at energies of order (M * /k)R −1 as the coupling between KK modes becomes strong [33] . This is borne out in Eq. (11), which shows that Γ n is parametrically of the same order as m n for n ∼ (M * /k), indicating that the modes are bleeding into each other and the KK description is breaking down. At strong coupling higher-order corrections and multi-body decays are expected to become important. Decays to stringy modes, either from a string theoretic UV completion or from strong coupling, may also become significant [28, 34] . We will discuss a method for calculating inclusive decay widths at higher energies in Sec. 4.
To illustrate the decay channels of the calculable lower KK modes we consider the Higgsless case for k/M * = 0.1 and R = 1 GeV −1 with the strength of the zero-mode kinetic mixing fixed at ǫ 0 = 3 × 10 −3 . Once these parameters are set the kinetic mixing for the higher modes is determined by Eq. (8) as ǫ n ≃ ǫ 0 /6 √ n. In this case the zero mode has mass m 0 ≃ 230 MeV and can only decay leptonically, X 0 → 2e, 2µ, with a width of about a keV. The first KK mode (n = 1) also decays to light SM leptons and hadrons with a slight preference for leptons, BR
(1) lep = 0.56, and a total width of about a keV. The second KK mode (n = 2) can decay within the hidden sector in addition to the SM and has a much larger width on the order of 0.2 MeV. Decays to the hidden sector almost completely dominate with a branching ratio BR(X 2 → X 0 h 1 ) = 0.9998. Of the decays to the SM, hadronic modes are slightly preferred with BR . As the width to the SM does not significantly increase for heavier modes, the n ≥ 2 modes all decay predominantly within the hidden sector.
Once created, a KK graviton can decay to lighter KK vectors. We present the two-body width for graviton decay h a → X m X n in Appendix A.2, where we show that graviton decays further demonstrate the approximate conservation of KK number and prefer decays with a ∼ m + n. These decays are prompt, as the coupling between KK vectors and gravitons is set by R −1 . For example, in the Higgsless case with k/M * = 0.1 and
MeV for the first KK mode. The total width for the heavier vectors increases with KK number a due to the increase in kinematically available final states (see Appendix A.2). Heavier KK gravitons can also decay to lighter KK gravitons. Note, however, that the lightest KK graviton (a = 1) will decay entirely to pairs of X 0 .
Putting these pieces together, there emerges a simple picture of decays within a Higgsless hidden sector. The n = 0, 1 vector KK modes decay directly back to the SM once they are produced. When a higher vector KK mode (or a superposition of them) is created, such as in an energetic collision of SM fields, it decays promptly to lighter KK vector and graviton modes. In turn these decay to even lighter hidden states, producing a cascade down the hidden KK tower. This showering terminates at the n = 0, 1 vectors which decay back to the SM. Therefore the generic final state resulting from the production of heavier hidden sector modes is a high multiplicity of relatively soft and light SM particles, similar to the scenario discussed in Ref. [28] .
The presence of an IR-brane hidden Higgs field h x can significantly modify the experimental signals of the hidden cascade. With such a Higgs, KK vectors can decay through the process X n → X m + h x when kinematically available. The precise way in which the decay spectrum is altered depends on the relationship between the Higgs mass and the vector KK masses (similar to the 4D case [5, 35, 36] ). If m h lies below twice the lightest KK vector mass m 0 , the hidden Higgs will decay only slowly back to the SM through multi-body or loopinduced channels involving X 0 . These decays are typically slow relative to experimental timescales for light hidden Higgs masses leading to missing energy in the final state for m h < m 0 , and possibly displaced vertices for m 0 < m h < 2m 0 [5] . A light Higgs will also allow X 1 → X 0 + h x , which almost always dominates over direct decays to the SM and can produce four-and six-lepton final states. As m h grows larger than (m 1 − m 0 ) the n = 0, 1 vector modes again decay exclusively to the SM. The hidden Higgs can still be produced in the decays of heavier KK modes and will decay promptly to pairs of lighter vectors. Hidden decay cascades in this case will be qualitatively very similar to the Higgsless case described above.
Vector and graviton KK modes may also have decays involving a bulk radion r x , such as X n → X m + r x . These will be very similar to decays involving an IR-brane hidden Higgs with which it could mix [37] . As for a hidden Higgs, if the radion is very light it can radically alter the decays of the lightest modes, but as its mass increases it mainly affects the heavier KK modes. The precise determination of the radion mass is a somewhat complicated subject that requires a specification of the stabilization dynamics and a determination of their backreaction on the metric [38] . While there is no difficulty of principle in stabilizing the hidden warped extra dimension [39] (even in the full two-throat setup [40] ), in practise the precise value of the radion mass will depend on the details of the approach adopted. Provided the radion is heavier than the n = 0 and n = 1 vector KK modes it will not significantly modify the cascade picture presented above. We assume this to be the case in the present work and neglect radion decay channels.
In summary, we find that the dominant two-body decay of the n-th KK vector is into light KK gravitons h a and KK vectors X m with m ∼ n and n ∼ a + m for n ≥ 2. If kinematically permitted the daughter vector will further decay into lighter gravitons and vectors and the daughter gravitons will themselves decay back into two lighter vectors. The creation of heavier modes therefore results in a cascade decay down the tower in the hidden sector until one ends up with a collection of light KK vectors. The light vectors then decay to light SM fields.
Matching to Five Dimensions
In the phenomenological analyses to follow, we will be interested in processes initiated by UV-localized SM states at energies both well above and well below the hidden IR scale R −1 ∼ GeV, but always much less than the UV scale k. Since the local cutoff at a given point z along the extra dimension is M * /(kz), the effective theory description breaks down in the IR for energies approaching (M * /k)R −1 [17, 33] . For processes initiated by SM fields on the UV brane, however, where the local cutoff is near the Planck scale, one expects a reliable effective theory description to exist [17, 33, 41] . At energies below (M * /k)R −1 only the lightest KK modes are important and the KK effective theory developed above provides a reliable description of the full dynamics. For energies greater than this, the KK modes become increasingly broad and strongly-coupled, and the KK description breaks down. However, the full 5D theory remains weakly-coupled up to the UV scale for processes initiated on the UV brane [33] . We make use of this fact by matching the 4D KK theory onto the 5D theory at energies near R −1 , where both descriptions are sensible. Our matched 5D theory then allows us to compute reliably in the intermediate regime R E ≪ k for processes initiated on the UV brane. In this section we detail this matching. We note that the technical details of this section, though important for our analysis, lie outside of our main phenomenological focus. Readers not concerned with these computational details can proceed directly to Sec. 5.
Consider first the 5D bulk vector propagator at tree-level. We will always contract this propagator with a transverse projector (−p 2 η µν + p µ p ν ) arising from the kinetic mixing interaction of Eq. (3), so we only need the gauge-invariant coefficient of the transverse portion of the propagator. With Higgsless (Neumann-Dirichlet) or Higgsed (Neumann-Neumann) boundary conditions it is given by (14) where p = p 2 , z > = max{z, z ′ }, z < = min{z, z ′ } and J n,z is shorthand for J n (pz). The Neumann-Neumann propagator was derived in [42] . Taking z = z ′ = k −1 and R −1 ≪ |p| ≪ k, both 5D tree-level propagators reduce to
where the upper (lower) term is for p 2 > 0 (p 2 < 0) and N = 3 (1) for the Higgsless (Higgsed) case. Both expressions have poles corresponding to the KK masses. In fact it can be shown that the tree-level 5D propagators are equal to a sum over KK modes weighted by KK bulk wavefunction factors f n (z),
where the masses m n are given in Section 2.
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The tree-level propagators in Eq. (15) will be modified in an important way by quantum effects [28, 33, 41, 42, 43, 44] . In addition to mass and wavefunction corrections, the RS1 propagators will acquire complex self-energies for p R −1 . These arise from bulk gaugegraviton (or gauge-Higgs) loops, and come with factors of k/M * . Rather than carrying out an explicit 5D calculation of the loop corrections to the gauge boson self-energy, we take a different approach based on matching to RS2 [16] , where the IR brane is taken to z → ∞, which we argue is a universal IR-independent limit of the RS1 propagators at high momentum [17] .
For reference, the coefficient of the gauge-invariant transverse part of the RS2 UV-to-UV propagator is given by [45, 46] 
where H
(1) n = (J n + iY n ). Note the appearance of an imaginary part for p 2 > 0, which follows from the imposition of outgoing-wave boundary conditions as z → ∞ [45, 47] , and represents the escape of vectors into the bulk.
Comparing the tree-level RS1 UV-to-UV propagators in Eq. (15) to the RS2 expression of Eq. (17), we see that they agree at spacelike momentum with |p| > R −1 . At large timelike momentum, the real parts of the RS1 propagators also match closely with RS2, except near the poles of the log-suppressed tangent term. This agreement can be understood in terms of the UV-to-bulk RS propagators, which become highly oscillatory or exponentially damped for z > |p| −1 . Thus, the full theory appears to be insensitive to the detailed geometry at z ≫ |p| −1 . In particular, modifying the geometry at large z by adding an IR brane or changing its location should have virtually no effect on the quantum-corrected UV-to-UV propagator at large momentum [17] .
There is a potential loophole in this argument related to the poles of the tree-level RS1 propagators. These poles correspond to KK masses, and reflect an apparent sensitivity to the IR that persists at large momentum. The tree-level RS1 propagators also lack the imaginary term present in the RS2 propagator for timelike momentum. Both of these features are artifacts of the tree-level approximation wherein the KK modes are treated as being absolutely stable. Consequently, the KK poles at this level may be thought of as standing waves that reflect off the IR boundary, thereby probing the deep IR and ensuring there is no net dissipation from the UV brane.
Quantum corrections to the propagator will generate an imaginary component in the self-energy. Near the pole of a narrow low-lying KK mode we can identify this imaginary piece with the finite decay width computed in Sec. 3. Its effect is to regulate the KK pole divergences in the tree-level RS1 propagator, and it represents a net dissipation from the UV brane. For lighter modes that are very narrow, some probability for reflection remains and the net dissipation differs to that of RS2. Going to higher timelike momentum will probe heavier KK modes that are increasingly broad. When the widths become as large as the mode spacing π/R, the KK resonances begin to overlap significantly and approach a continuum [28] . We expect this continuum to be independent of the IR structure of the theory, and to persist to even higher momenta where the KK theory becomes stronglycoupled. Intuitively, a broad KK mode produced on the UV brane will decay (or shower) well before reaching the IR brane and can no longer probe the deep IR. As the probability of this mode reflecting off the IR brane falls to zero, the dissipation due to decays should agree with RS2 where no reflection is possible.
We therefore argue that the quantum-corrected 5D RS1 UV-to-UV propagator in the momentum range (M * /k)R −1 ≪ |p| ≪ k approaches a universal IR-independent limit that is approximated well by the tree-level RS2 UV-to-UV propagator. These properties are already true at tree-level for spacelike momentum with |p| ≫ R −1 . At large timelike momentum, perturbatively small quantum corrections smooth out the poles and generate an imaginary component in the propagator, producing a continuum that is insensitive to the IR geometry. Since the 5D RS theory is perturbatively calculable for processes initiated on the UV brane with |p| ≪ k, quantum corrections to the the propagator are numerically small. In the case of RS2, the tree-level propagator is smooth at timelike momentum, and can not be modified strongly by perturbative loop effects. The universal high-momentum limit should thus be described well by the tree-level RS2 propagator.
This matching is also consistent with the gauge dual picture of a 4D approximate CFT. The presence of an IR brane corresponds to a spontaneous breaking of conformal invariance at low energies. Going to energies well above the breaking scale, CFT-breaking effects will become increasingly irrelevant, falling off as positive powers of R −1 /E, and the theory will approach a pure CFT (with a UV cutoff) that coincides with RS2. Let us also point out that the 5D quantum corrections we have considered correspond to subleading corrections in a 1/N expansion within the CFT dual.
Our strategy for the rest of the paper is to match the KK theory valid at low energies to the RS2-like 5D limit we argue is valid at higher energies. For this, we use the following empirical form for the quantum-corrected UV-to-UV 5D propagator to interpolate between the two regimes: 
and f n (k −1 ) = ǫ n (M 1/2 * /ǫ * ). This form reproduces the correct KK pole structure at lowmomenta where the KK theory is calculable and the resonances are narrow, and connects smoothly to the RS2 propagator for |p| > (M * /k)R −1 over the range of momenta of interest.
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In Fig. 4 we plot both the real and imaginary parts of Eq. (18), together with those of the RS2 propagator given in Eq. (17) . At large momenta the expression of Eq. (18) is relatively insensitive to the precise form ofΓ n provided it is larger than the KK mode spacing. Fig. 4 also illustrates how the finite KK mode widths smooth out the poles in the tree-level propagator. Although we do not show it here, the form of Eq. (18) also agrees well with the RS2 propagator for p 2 < 0 when |p| ≫ R −1 .
Precision Electroweak Observables
Having developed the necessary tools we now proceed to the detailed phenomenology. We will consider precision electroweak observables in this section and turn to low-energy signals and constraints in Sec. 6. For simplicity we focus primarily on the Higgsless case with a Dirichlet IR boundary condition in both sections. The Higgsed case will be qualitatively similar, with the main difference being the presence of additional decay channels (like Higgs ′ -strahlung) that can modify the signals in low-energy experiments.
Mixing between the hidden bulk gauge vector and the SM photon and Z will alter the predictions for electroweak observables. The two classes of observables we study in this section are e + e − → ff scattering at √ s ∼ m z , where f is a SM fermion, as well as rare Z decay modes. To compute these effects we treat the kinetic mixing operator of Eq. (3) as an interaction that couples the SM to the bulk vector. For e + e − → ff we only need the UV-to-UV bulk propagator, for which we use the matched expression given in Eq. (18) . This is illustrated schematically in Fig. 5 . By way of a unitarity cut, we can also use this propagator to compute the inclusive rate of rare Z decays. The direct production of hidden sector states at lower energies will be considered in Sec. 6.
e
+ e
− → ff Processes
The interaction vertices for X-SM mixing in unitary gauge are
γX :
Notice that these involve transverse projectors -contracting p µ into the vertices gives zero. We can apply these vertices to the process e + e − → ff with f = e, working to leading nontrivial order in ǫ * and neglecting fermion masses. With the resulting summed and squared matrix element, which is given in Appendix B, we have everything we need to compute the full set of precision electroweak observables and compare to experimental observations. For this, we will take m Z , G F , and α em (Q 2 → 0) as input parameters for computing other electroweak observables. The effect of a tower of light hidden KK vectors on G F and α em (Q 2 → 0) is dominated by the lightest mode. The Fermi constant G F is measured in muon decay, and is not changed at all at leading order. 7 Currently, the best-measured value of α em (Q 2 → 0) comes from (g−2) e . This can be shifted by a light hidden vector, but the size of the shift cannot be so big as to disagree with the value of α em (Q 2 → 0) measured in atomic systems, which are not significantly modified by the new states [29] . Both determinations have a much higher precision than the value of α extrapolated to the weak scale, which has sizeable hadronic uncertainties. Thus, once the low-energy bounds are satisfied, the effective shift in α(m Z ) relevant for precision electroweak observables is negligible.
Determining the value of m Z is more complicated. It is obtained from a parametrized fit (with m Z as a parameter) of e + e − → ff cross-sections measured over a range of energies near the Z pole. Hidden vectors will modify this Z lineshape, and can thereby lead to a poor fit or a shift in the extracted value of m Z . To investigate these effects we fix ǫ * such that |ǫ 0 | = 1 × 10 −2 , set k/M * = 0.1 and R = π/ GeV, and compute the resulting e + e − → ff cross-sections. Note that for masses of the lightest hidden vector below 10 GeV, |ǫ 0 | = 10 −2 is slightly larger than what is consistent with low-energy probes [8, 29] .
We show the effect of the hidden bulk vector on the e + e − → µ + µ − cross-section around the Z pole in Fig. 6 , where we have usedm Z = 91.187 GeV as a fiducial input value. The peak of the modified cross-section is shifted away from the SM peak by 0.0012 GeV, about half the current uncertainty in the Z mass of ∆m Z = 0.0023 GeV [30] . We find that the change in the lineshape can be almost completely eliminated by changing the value of m Z by an amount equal to the shift in the peak location when the fiducial value is used, as we also show in Fig. 6 . After changing the value of m Z in this way, the Z lineshape (as well as the shifted Z mass) is consistent with cross-section measurements around the Z-pole at LEP [49] . We use the shifted Z mass as an input in computing other electroweak observables.
Having fixed the input parameters G F , α em (Q 2 → 0), and m Z , we find that the modifications to other Z-pole observables are completely negligible relative to current experimental uncertainties for k/M * = 0.1, |ǫ 0 | = 10 −2 , and R = π/ GeV. For all the forward-backward and polarization asymmetries, we obtain shifts less than 2 × 10 −4 at the Z pole, well below the current 10 −3 level of sensitivity [50] . This is not entirely unexpected since the dominant mixing of the hidden bulk vector near the Z pole is with the Z [14] . As a result, the relative couplings of the hidden vector to SM fermions are nearly identical to those of the Z and the effect on the asymmetries is tiny. Changes to electroweak observables away from the Z pole, such as σ(e + e − → hadrons) [51] and Bhabha scattering [52] , are also much smaller than the precision to which they have been measured for these model parameters [53] .
Our results are consistent with Refs. [53, 54, 55] which considered the precision electroweak bounds on a single 4D Abelian hidden vector. For smaller values of ǫ 0 , the effects on electroweak observables will be even less. Stronger bounds can arise when the IR scale is larger, since now the very narrow n = 0, 1 KK modes may be individually resolvable. The precise constraints in this case can be read off from the analysis of Ref. [53] . 
Rare Z Decays
Another source of constraints, as well as potential new signals, are Z decays into light hiddensector states. This can occur when a Z mixes into a bulk vector X that escapes into the extra dimension. The bulk vector will subsequently shower into further vector and graviton modes. Showering will cease when the invariant momentum scale approaches the hidden IR scale. At this point we can view the products of the hidden shower as a large multiplicity of light n = 0, 1 KK modes. In turn, these will decay back to the SM. The final state of such a decay mode will therefore consist of a large multiplicity of SM mesons and leptons [26, 28] .
We can compute the total inclusive rate of such processes by applying a unitarity cut to the matched bulk propagator of Eq. (18) connected to incoming and outgoing Z boson legs. This yields
In Fig. 7 we show the resulting branching fraction as a function of the zero-mode mixing ǫ 0 for π/R = 1 GeV in the left panel, as well as the branching as a function of the KK mass splitting π/R for ǫ 0 = 10 −3 in the right panel. Both panels also have (k/M * ) = 0.1, but the result is insensitive to the precise value for (M * /k)R −1 ≪ m Z .
For ǫ 0 ≤ 10 −2 the branching fraction is too small to modify the total Z width in an appreciable way. Even so, branching fractions greater than a few times 10 −6 , corresponding to ǫ 0 10 −3 , could be visible as rare events in the LEP I data set [56] . Note that this is potentially much more sensitive than indirect bounds from e + e − → ff processes. However, the high-multiplicity final states predicted by this scenario were not explicitly searched for, and thus we do not quote a precise limit on ǫ 0 . When the KK mode spacing is significantly larger than a GeV, mixing of individual KK modes with the Z can be resonantly enhanced [53] .
Observe that the branching fraction in Fig. 7 becomes independent of R for R −1 10 GeV. This feature is readily understood; for m Z ≫ (M * /k)R −1 the bulk propagator does not probe the deep IR and is well approximated by the R-independent RS2 form. Consequently a simple expression for the hidden Z-width can be obtained. Using Eq. (17) in Eq. (22) the branching fraction in this regime can be approximated as
We note that among the parameters describing the hidden sector, this result is sensitive to ǫ 0 alone (up to a very weak logarithmic k dependence). Since this parameter also controls the direct production of the lightest vector mode in low-energy experiments, the model predicts an important correlation between these different observables.
Low-Energy Measurements
Low-energy experiments with a very high precision or luminosity can in many cases provide a much more sensitive test of the present scenario than higher-energy collider experiments. Specific examples include measurements of the anomalous magnetic moment of the muon, fixed-target and beam dump experiments, and meson factories. In this section we investigate the power of such lower-energy probes to test a light warped hidden sector.
Sub-GeV Constraints and Searches
Experimental constraints on a single Abelian hidden vector have been discussed extensively in Refs. [5, 8, 29] . For vector masses below a GeV the strongest model-independent bounds come from the anomalous e and µ magnetic moments for larger kinetic mixing ǫ [29] , together with null beam dump searches for smaller kinetic mixing [8] . Vector masses as small as 10 MeV are allowed for ǫ 10 −3 . Much lighter vectors can also be consistent with existing bounds for extremely small values of ǫ [57] , but we do not consider this possibility here.
In the present scenario, the single vector is replaced by a tower of KK resonances. Even so, with the exception of meson factories, the corresponding low-energy experimental bounds on the tower are almost completely dominated by the lightest zero mode. We find that these bounds are nearly identical to the case of a single Abelian hidden vector with the same mass and kinetic mixing as the zero mode. This occurs for two reasons. First, the constraints due to leptonic magnetic moments and beam dump experiments generally become weaker as the vector mass increases. Second, and usually more importantly, the zero mode has a significantly larger kinetic mixing coupling to the SM than the heavier KK modes, as can be seen by comparing Eqs. (7) and (8) .
Summarizing these limits, for m 0 below 10 GeV the corresponding bounds can be obtained by applying the constraints of Refs. [8, 29] to the zero mode vector. For such light masses ǫ 0 3×10 −3 is needed to satisfy the constraints from leptonic magnetic moments [29] and searches for exotic events within the BABAR Υ(3S) data set [8] . Masses below about 0.5 GeV are further constrained by beam dump searches and supernova cooling, leading to bounds on smaller values of ǫ 0 . Together, there remains a pocket of allowed m 0 -ǫ 0 values in the range of m 0 = 10 MeV-10 GeV as exhibited in Ref. [8] . Masses below m 0 ≃ 10 MeV are only consistent with very small values of the kinetic mixing, below ǫ 0 5×10 −8 [8, 57] . Once these low-energy constraints are satisfied (for m 0 10 GeV) the constraints from precision electroweak data are are also met.
Current and planned fixed-target experiments will provide even more stringent bounds on light hidden vectors in the near future. Hidden vector production in such experiments occurs dominantly in the forward direction as it is enhanced by a collinear singularity cut off by the vector mass. Thus the lightest KK modes will be produced most abundantly. The fixed-target search techniques proposed in Refs. [6, 7, 8] are suited for hidden vectors that decay directly to a pair of SM fermions. These searches can therefore also be sensitive to the n = 0, 1 KK modes of a bulk hidden vector. Modified search techniques will likely be Figure 8 : Hidden sector production in the s-channel. This only requires one kinetic mixing insertion (represented by the cross) and therefore scales as ǫ 2 , improving the prospects for production. Resonant enhancement can occur when √ s ≃ m n for one of the small-n modes.
needed to detect the higher KK modes, which become progressively broader and decay to complicated multi-body final states.
New Searches at Meson Factories
Meson factories like DAΦNE, BABAR and Belle provide some of the most promising means by which to probe the warped hidden sectors we consider. The specific signals depend on the value of the hidden IR scale relative to the center-of-mass (CoM) energy √ s of the given experiment. If √ s ≃ m n for one of the narrow small-n KK modes, hidden vector production can be resonantly enhanced and specific exclusive signatures can be searched for. However at higher CoM energies √ s (M * /k)R −1 , well above the mass of the narrow lighter KK modes, one instead probes the continuum part of the spectrum and there is no resonant enhancement. In this regime the typical signal consists of a large multiplicity of soft SM particles.
The approaches discussed for discovering a single Abelian hidden vector in Refs. [5, 6, 7, 58 ] also apply to the narrow n = 0, 1 KK modes in the present scenario when they decay primarily to the SM. These searches focus on single vector production via e + e − → γX n . The hidden vector decays to a pair of SM leptons or pions, giving signals like ℓ + ℓ − γ. The tiny vector width leads to a distinctive dilepton invariant mass peak that can potentially be distinguished from the smooth SM background. A detailed search for this signal within the BABAR and Belle Υ(3s) and Υ(4s) datasets could potentially probe hidden vectors with kinetic mixing as low as 10 −3 [6, 7, 8] . These searches will be most sensitive to the n = 0 mode as the single vector production rate scales like ǫ 2 n ≃ ǫ 2 0 /(36n 2 ), (see (7) and (8)). More complicated multi-lepton or pion final states can also arise for the n = 0, 1 modes if there is a light hidden Higgs [5, 35, 58] .
The same production channel can also be used to probe narrow n > 1 vector modes that decay mainly into the hidden sector before cascading back to the SM. For example, production of an n = 2 vector mode would give The KK graviton decays via h 1 → 2X 0 so the final state consists of γ + 6ℓ (for leptonic n = 0 KK decays). Similar statements hold for single vector production in Kaon decays [29, 7] . Again, even higher multiplicities in the final state can arise if there is an explicit light IR Higgs.
Hidden sector production can be resonantly enhanced when √ s ∼ m n . For two reasons, this enhancement is not significant for hidden vectors that decay entirely to the SM, such as the n = 0, 1 KK vectors. First, the relevant process in this case is e + e − → X → ff , and its rate is proportional to ǫ 4 . Second, the resonance is typically much narrower than the beam energy spread and gets strongly smeared out. In the present scenario, however, the KK gravitons in the spectrum permit more efficient s-channel production processes, such as that of Fig. 8 , which only require one kinetic mixing insertion and thus go like ǫ 2 . The graviton decay modes of a hidden vector also broaden its resonance. This is analogous to multi-vector production in non-Abelian hidden gauge sectors [6] , as one might expect from gauge-gravity duality.
We estimate the prospects for observing resonant production by calculating the inclusive hidden-sector cross section at meson factories. At the relatively low energies (1-10 GeV) of these machines we may neglect diagrams involving the Z boson and consider the insertion of a kinetic mixing operator between a hidden vector X n and the SM photon. Applying a unitarity cut gives the inclusive hidden sector cross section as
where s is the usual Mandelstam variable. We plot this inclusive cross section as a function The peaks in Figs. 9 and 10 occur at s-channel KK resonances, when 1/R is such that √ s ≃ m n for one of the narrow, small n KK modes. For example, the peak at R −1 ≃ 5 GeV in Fig. 9 occurs because DAΦNE would be sitting right on the zero mode mass of m 0 ≃ 1 GeV. In practice, this very narrow peak will be significantly smeared out by the spread in beam energy; about 0.2 MeV at DAΦNE [59] and a few MeV at the B-factories [60] . As a result, it is unlikely to be visible as a direct s-channel resonance [7, 29] . The same also applies to the n = 1 mode when it decays entirely to the SM via kinetic mixing. Higher vector KK modes have decays to the hidden sector, making them much broader and relatively insensitive to the energy spread of the meson factory beams. As 1/R decreases, the peaks become more and more closely-spaced and less sharp. This corresponds to resonances occurring at ever larger KK mode numbers, which eventually begin to overlap with each other.
For
√ s ≫ M * /kR the inclusive cross-section becomes roughly independent of 1/R, as can be seen in Fig. 10 (similar behaviour would be seen in Fig. 9 at smaller values of 1/R). This reflects the IR insensitivity of the theory for large injection energies on the UV brane, as discussed in Section 4. In this region the inclusive cross section can be written in a simple form by using the RS2 propagator of Eq. (17) in Eq. (25): We note that, up to a mild logarithmic sensitivity to k, this depends on the single unknown parameter ǫ 0 and can be written as:
For ǫ 0 = 10 −3 one obtains an asymptotic small-1/R inclusive cross section of σ(e + e − → Hidden) ≃ 10 f b for the B-factories, as seen in Fig. 10 .
Once created, hidden states will cascade down to the lightest vector modes, n = 0, 1. Provided the kinetic mixing is not too small, ǫ 0,1 10 −4 , these lightest hidden modes will decay relatively promptly to the SM. Thus a typical final state will consist of a number of SM fields with pairwise invariant masses equal to one of the KK vector masses. A light hidden Higgs or smaller values of ǫ 0,1 can also give rise to displaced vertices.
The optimal detection strategy at meson factories depends on the quantity R √ s. For R √ s 1, only the lightest modes will be produced in association with a photon, with n = 0 modes dominating. The resulting final state will consist of a pair of SM particles reconstructing the KK vector mass. For larger R √ s there can be resonant production of hidden vectors in the s-channel. The final states in this case will consist of a number of SM fields with pairwise invariant masses equal to the mass of the mode n = 0 or n = 1. The precise number of final-state SM particles increases with R √ s, but as the multiplicity increases so too will the combinatoric problem of reconstructing pairwise invariant mass peaks. On the other hand, a high multiplicity of charged pions and leptons should make these events very distinctive. Scanning the inclusive multiparticle cross section in energy may allow one to probe heavier KK vector resonances that are not overly broad. On the other hand, improved analysis of six-lepton final states like
could improve the bounds on the warped model. These occur via hidden sector production in the s-channel with only ǫ 2 suppression (see Fig. 11 ), permitting more efficient production. The same is true of eight-lepton final states from processes like e + e − → h 2 X 0 → 4X 0 . Given the strong bounds from the four-lepton BABAR analysis [61] relative to the typical cross sections shown in Fig. 10 , similar experimental studies for N > 4 final-state leptons could greatly improve the prospects for detection. One hopes that such analysis will be forthcoming. Note that with a total integrated luminosity of ∼ 1 ab, a production cross section of order a f b corresponds to a few hundred to a few thousand hidden sector production events.
Together these features suggest an interesting multi-faceted approach to experimentally studying the model for m Z R ≫ 1. One may be able to probe individual resonances directly at low-energy colliders and fixed target experiments operating at order GeV energies, and extract information on the kinetic mixing parameter ǫ 0 . Via Eq. (26) one could then predict the expected inclusive cross section for hidden sector production at the B-factories. Furthermore these two probes can be combined with an expected signal from hidden Z decays as given in Eq. (23) . These correlations provide important means by which to discriminate the present framework from alternative light hidden sectors.
Conclusion
In this work we have investigated the detailed phenomenology of an Abelian warped hidden sector, focusing on hidden symmetry breaking scales much less than the weak scale. Such light hidden sectors may be of interest in connection with recent models of dark matter, but more generally comprise an interesting scenario for beyond-the-SM physics. Despite the relative simplicity of our model the low-energy phenomenology was seen to be quite rich. The main new feature of our construct, relative to other works with light hidden sectors, is the existence of a tower of hidden KK vectors that kinetically mix with SM hypercharge.
We have considered the decay properties of the hidden sector fields in some detail, and developed a useful approach for calculating processes initiated on the UV brane with large injection momentum relative to the hidden IR scale. Using these results, we have considered the detailed bounds on the model from precision electroweak observables and low-energy experiments, and found that viable parameter sets permitting significant numbers of hidden sector production events exist.
For a hidden IR scale in the range 10 MeV to 10 GeV, we find that the constraints on a tower of hidden vectors are nearly identical to those on a single hidden vector whose mass and kinetic mixing equals that of the zero mode. This is primarily due to the properties of the KK vectors: the higher modes are heavier and, more importantly, their kinetic mixing strength decreases (relative to the zero mode). The most stringent bounds are obtained by applying existing constraints from beam dumps, Υ decays, and anomalous lepton magnetic moments directly to the zero mode. The precise bounds can be read off the figures in Refs. [8, 29] , and generally require ǫ 0 3 × 10 −3 for m 0 ∼ O(GeV). Once the zero mode is made to satisfy these low-energy constraints, compatibility with precision electroweak data is ensured.
Relative to models with a single hidden vector there are, however, some important differences that can have implications for future searches. The hidden sector contains multiple light vectors that can potentially be probed as individual resonances at low-energy experiments like the B-factories and fixed-target experiments for values of the kinetic mixing parameter that are consistent with existing direct search constraints. The model also predicts hidden sector decays of the Z-boson with rates essentially dependent on the single parameter ǫ 0 for the interesting range m Z R ≫ 1. As this parameter controls the production and decay rate of the lightest vectors, important correlations exist between the low-energy signals and the hidden Z width. Future experimental studies of six-and eight-lepton final states could also improve the bounds on the model, or potentially discover evidence for a hidden warped extra dimension.
,
where we write the mass ratios as r m,a = m m,a /m n and define the following set of constants 
We note that the sum over graviton polarizations necessary for calculating the KK decays is [62] pol. 
A.2 Hidden KK Graviton Decays
The KK graviton decay h a → X m X n is kinematically available for a ≥ m + n Higgsed, a > m + n Higgsless,
where the Higgsed case assumes that the Higgs VEV is less than the IR scale so that the zero mode vector acquires a mass m 0 ∼ (5R) 
where we define the symmetry factor and mass ratios respectively as
and also define the following constants: With an order GeV IR scale the KK graviton decays are prompt, as can be seen in Fig. 12 where we plot the two-body decay width m,n Γ(h a → X m X n ). Heavier modes are even broader due to the increase in available final states. Similar to the hidden vector decays the presence of an approximate KK number conservation means that decays with a ∼ m + n are dominant, as can be seen in Fig. 13 where we plot Γ(h a=45 → X m X n ) against daughter KK number for the Higgsless case with fixed m + n.
Note that crossing symmetry requires the matrix element for the KK graviton decay and the KK vector decay to be related and one can show that this requires the amplitudes for decay to be related via pol.
|M(X
We have checked that this relation holds for the matrix elements we have employed. We also note that, in general, stabilization of the extra dimension will involve some additional bulk field like a Goldberger-Wise scalar [39] or some flux. This will couple to KK gravitons and one expects additional decay channels as a result.
B Amplitude for e + e − → ff
Using the vertices from Sec. 5.1 we can calculate the process e + e − → ff with f = e. We work to leading non-trivial order in ǫ * and neglect the fermion masses. The resulting summed and squared matrix element is: 
